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Abstract—A physical model describing the dose rate response
and the effect of hydrogen in bipolar technologies is presented. The
model uses electron-hole pair recombination and competing hy-
drogen reactions to explain the behaviors of bipolar devices and cir-
cuits at different dose rates. Dose-rate-dependent computer simu-
lations based on the model were performed, and the results provide
excellent qualitative agreement with the dose rate data taken on
both gated lateral pnp bipolar test transistors and LM193 bipolar
dual-voltage comparators. The model presented in this paper can
be used to explain a variety of factors that can influence device dose
rate response in bipolar technologies.

Index Terms—Bipolar oxide, dose rate, enhanced low dose rate
sensitivity (ELDRS), hydrogen, interface traps, radiation-induced.

I. INTRODUCTION

U NDERSTANDING the effects of dose rate, particularly
enhanced low dose rate sensitivity (ELDRS), in bipolar

technologies is critical to improving the performance and relia-
bility of electronics in the low-dose-rate space environment. The
metric for characterizing the dose rate response is the enhance-
ment factor versus dose rate, which was first introduced by John-
ston et al. [1]. The enhancement factor is defined as the response
of a part specification (e.g., current gain, input bias current) at
a specified total dose and dose rate normalized to the response
at the same dose and a fixed maximum dose rate. This max-
imum rate is typically chosen to be between 100 and 1000 rd/s.
Most devices and circuits that exhibit ELDRS show an enhance-
ment factor of 1 at high dose rates (usually rd/s) and an
enhancement factor that reaches an asymptote between 2 and

at low dose rate (usually rd/s or less) [2]. Fig. 1
illustrates a representative enhancement factor versus dose rate
curve that is observed in ELDRS bipolar devices and integrated
circuits.

Observed experimentally, the total dose and dose rate re-
sponse of bipolar parts can depend on a number of factors,
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Fig. 1. Depiction showing a typical dose rate response of a bipolar circuit or
device exhibiting ELDRS.

including processing, final passivation [3], [4], pre-irradiation
thermal stresses during burn-in or packaging [5], and the
amount of an external source of hydrogen, e.g., in a sealed
package [6]. Several models have been proposed to describe
the dose rate behavior of bipolar devices and circuits [7], [9],
but most of these cannot fully explain the abundance of factors
that can dictate the total ionizing dose (TID) and dose rate
behaviors mentioned.

As suggested in [10], TID and dose rate effects in bipolar
technologies can result from not one, but many, concurrent
processes taking place during radiation exposure. As daunting
as the modeling effort may seem, it is still possible to model
the dose rate response with a high degree of certainty using
a few core mechanisms. In this paper, the effect of dose
rate is numerically modeled with four processes. These are
space charge effects [7], electron-hole recombination [11],
hole-hydrogen defect reactions in the oxides, and proton depas-
sivation of dangling bonds at the interface. The last
two processes are based on the two-stage hydrogen transport
model of interface trap formation developed over the years
[12], [13].

II. PHYSICAL MODEL

When a bipolar transistor is exposed to ionizing radiation,
electron-hole pairs are generated uniformly throughout the iso-
lation oxides above the active silicon layers (primarily base re-
gion). At higher dose rates, large local E-fields in these oxides
induced by substantial space charge buildup not only limit the
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transport of charged species, but they also stimulate competi-
tion of other processes that can reduce the generation of inter-
face traps and trapped charge. Such processes include: free elec-
tron-hole recombination, trapped electrons recombining with
free holes [9], and free electrons recombining with trapped holes
[8]. While, relative to holes, electrons in oxides are highly mo-
bile, because of the high localized E-fields induced at high dose
rates, electrons can be confined in the oxide for extended pe-
riods. As more electrons are confined in the oxide, the prob-
ability of their being trapped and/or recombining with holes
becomes higher. The model presented here treats electron-hole
recombination as a core mechanism for dose rate effects.

In the model, the treatment of electron-hole recombination
reaction is based on general ionic recombination theory [11],
and it does not include the reactions of carrier trapping and
detrapping. The recombination reaction is coupled with carrier
transport (modeled as drift and diffusion) and can be described
by

(1)

and

(2)

where is the dose rate, is the dose rate to carrier genera-
tion rate conversion factor, is the electron-hole recombi-
nation reaction coefficient, is the density of hydrogen-con-
taining defects, is the hole-hydrogen defect reaction rate
constant, and and are the fluxes of electrons and holes,
respectively, which are modeled with drift and diffusion com-
ponents as follows:

(3)

and

(4)

where , are electron and hole mobilities in the oxide,
and are electron and hole diffusivites, and is

the oxide electric field. The second key process for the proposed
model is the hole-hydrogen defect reaction coupled with proton
transport. This process was first proposed by [12] and can be
described by the continuity equation

(5)
where is the density of protons, is the hole-hydrogen
defect reaction rate constant, is the density of hydrogen
defects in the oxide, is the density of interface traps per unit
area, is the density of passivated dangling bonds per unit
area, is the reaction rate constant associated with the well-
known interface trap generation process between protons and
passivated dangling bonds at the interface, and is
the proton flux

(6)

where and are proton mobility and diffusivity
in the oxide. The term Trap generation is described by

(7)

where is lifetime associated with the annealing of interface
traps. Finally, the effect of space charge generated in the device
oxide is also modeled through Poisson’s equation

(8)

where is the electric field and is the permittivity of the
oxide.

There are certainly other processes that likely occur during
irradiation including the trapping and detrapping processes
of electrons, holes and protons, the reactions of molecular
hydrogen with oxygen vacancies [14], the trapping of holes at
neutral sites (e.g., oxygen vacancies) and subsequent cracking
of and proton release [15], the passivation reaction of
silicon dangling bonds, and more. In the proposed model, these
processes are not considered for simplicity, and as simulation
results indicate, the core processes described in this section can
still reasonably describe the dose rate response of bipolar de-
vices. In Section III, simulation results based on the model are
presented. It will also be shown that the model can explain some
important factors influencing dose rate behavior, particularly
the effect of irradiation bias and hydrogen concentration. It is
noted here that the model described above are expressed in one
dimension (1-D). However, the simulations using COMSOL
Multiphysics finite-element solver were performed in two
dimensions (2-D).

III. MODEL SIMULATION VERSUS EXPERIMENTAL DATA

Dose-rate-dependent model simulations were carried out on
a 2-D rectangular structure with a thickness of 1.2 m, ap-
proximately the same as the base isolation oxide of the bipolar
devices fabricated in National Semiconductor’s standard linear
process [16]. The simulations were performed at dose rates
ranging from 1 to 500 rd/s, all to a total dose of 30 krd.

To demonstrate the effect of - recom-
bination on device dose rate response, model simulations were
first performed using only electrostatics and continuity
equations for simplicity. In this case, (1)–(4) and (8) were imple-
mented in the simulator. Using simple steady-state assumptions,
the simulator calculates the flux of holes, , at the
boundary at different dose rates. The simulated hole yield, the
ratio between holes coming out of (escaping recombina-
tion) and total density of holes generated in , is plotted
in Fig. 2 as a function of dose rate. Clearly indicated in the
graph, the hole yield, based on the recombination model pre-
sented above, is a strong function of dose rate.

Implementing the full equation set from the model, the sim-
ulated interface trap buildup as a function of dose rate is shown
in Fig. 3. To reduce the complexity of the simulation, no inter-
face trap saturation or annealing was implemented. As shown
in the figure, the interface trap dose rate response is generated
for several external bias values to demonstrate the effect of ap-
plied field on the simulated response. The saturation effect at
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Fig. 2. Using electron-hole recombination as a core mechanism responsible
for ELDRS, the hole yield produced by the simulation is strongly dependent on
dose rate. The electron and hole mobilities used in the simulation are: � �

�� cm � s , � � �� cm � s . The recombination coefficient
used is 2��� cm �s.

Fig. 3. Simulated interface trap density versus dose rate using the physical
model described in this study. The dose rate response is also a function of ap-
plied bias, which has been observed in published data.

low dose rates is also correctly simulated from the model. As
depicted in Fig. 4, the simulated average field across the oxide
is primarily induced by radiation generated space charge at low
applied biases. The internal field saturates and becomes insignif-
icant as dose rate reaches the millirad range. At these dose rates,
the magnitude of the E-field has an insignificant impact on con-
fining electrons to recombine with holes, thus leading to greater
proton generation and enhanced interface trap buildup. As the
externally applied field (directed toward the -metal inter-
face) is increased in the simulation, the field in the oxide is
changed most significantly at low dose rates, as shown in Fig. 3,
and this effectively hinders the transport of positively charged
species and therefore reduces the ELDRS enhancement factor.

Dose rate response data, taken by Witczak et al. [17], is shown
in Fig. 5 for comparison. Clearly, by only using the four core
processes, results shows very similar trends as the experimental
data. Indeed, the model not only produces the basic ELDRS re-
sponse, but it also captures the effect of external bias and shows
that in devices operating with high external fields, e.g., MOS de-
vices, the low-dose-rate enhancement can be reduced or elim-

Fig. 4. Simulated average E-field (in the direction away from Si-SiO inter-
face) in the oxide showing the effect of dose rate and external bias.

Fig. 5. Change in base current versus dose rate taken by Witczak et al. [17]
showing ELDRS in lateral pnp bipolar devices. The dose rate responses are
shown to change with base-emitter bias.

inated. While Fig. 3 shows interface trap density versus dose
rate and Fig. 5 gives the change of base current versus dose
rate, it is well established that the radiation-induced base cur-
rent is directly proportional to interface trap buildup [3]. Also,
it should be noted that the biases labeled in Fig. 1 are applied at
the Si-SiO interface (field directed toward the gate), and the bi-
ases labeled in Fig. 3 are base-emitter voltages. The base-emitter
bias can induce fringing E-fields in the base oxide producing the
same bias effect as seen in the simulations.

IV. MODELING EFFECTS OF HYDROGEN

As stated previously, the dose rate response of bipolar de-
vices and circuits can depend on many factors. Devices fabri-
cated and/or packaged in different technologies can exhibit dra-
matically different dose rate responses. One important feature,
in common with many factors mentioned earlier, is the amount
of hydrogen present in the devices. For almost every fabrication
and packaging technology, hydrogen is used in one way or an-
other to ensure proper device performance. Since hydrogen has
been identified in many studies as a direct cause in degrading
bipolar device TID response [18], [19], it is likely responsible
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Fig. 6. �� as a function of dose rate after irradiation in three different am-
bient hydrogen conditions at ASU and JPL The results indicates that dose rate
response in gated lateral pnp bipolar devices can be changed by changing hy-
drogen concentration in the device [2].

Fig. 7. Change in radiation-induced base current versus dose rate taken by JPL,
showing dose rate response in LM193 bipolar dual comparator can be changed
by changing hydrogen concentration in the device.

for the differences in dose rate responses of bipolar devices as
well.

Recent experiments conducted at Arizona State University
(ASU), Tempe, and the Jet Propulsion Laboratory (JPL),
Pasadena, CA, provided clear evidence that hydrogen can
directly influence the dose rate response of bipolar devices and
circuits [2]. Figs. 6 and 7 show the dose rate response of a gated
lateral pnp (GLPNP) bipolar test device and an LM193 bipolar
dual-voltage comparator. The test devices were irradiated at
different dose rates in an environment containing different con-
centrations of molecular hydrogen. Exhibited in both figures,
the transition dose rate shifts to the right and the low dose rate
limit shifts up as hydrogen concentration is increased.

Using the physical model developed for this paper, the effect
of molecular hydrogen can be implemented as a disturbance to
the core processes responsible for the dose rate response, partic-
ularly the recombination process of electrons and holes in (1) and
(2), and the hole-hydrogen defect reaction process in (5). In re-
cent TID studies on the effects of [14], [19], it was demon-
strated that can diffuse into device oxide and react at defect
centers (conceivably shallow level oxygen vacancies) to generate
shallow level hydrogen defects. According to Henry’s law [20],

TABLE I
LIST OF CONSTANTS USED IN THE SIMULATIONS

the saturated hydrogen concentration in the bipolar oxide can be
as high as cm . High concentrations of hydrogen defects
in the oxide can have significant impact on two key terms in the
model: 1) proton generation rate; and 2) electron-hole recombi-
nation coefficient due to competition with carrier hopping [21].
The recombination process described in this paper is as-
sumed to be bimolecular and, therefore, can be described by the
rate equations (continuity equations) in (1) and (2). According to
[21], the total rate of recombination can be attributed to two fac-
tors, one is the rate at which electrons and holes transport toward
one another, and the other is the efficiency with which an elec-
tron and hole recombine at close proximity. The rate constant
for bringing carriers in close proximity is defined by

(9)

where, according to ionic recombination theory [11], and
are respective effective mobilities of electrons and holes in

the oxide. The recombination efficiency is determined by the
competition between carrier recombination and carrier hopping
through localized defects. If it is assumed that the increase in
hydrogen defects enhances competition between hopping and
recombination, the overall recombination coefficient expressed
in (1) and (2) can be written as

(10)

where the recombination efficiency, , is now a decreasing func-
tion of hydrogen density. Using this approach in combination
with the effect of hydrogen on proton generation rate, the sim-
ulation of the effect of hydrogen on the dose rate response can
be performed.

The effect of hydrogen was thus implemented in the simu-
lator without increasing the number of simultaneous equations
to minimize complexity and simulation time. This means that
the model does not take into account the process of molecular
hydrogen diffusion and the reaction that generates hydrogen de-
fects. Instead, the hydrogen defect concentration, in (1)
and (5), is assumed to be distributed uniformly in the oxide
and increases with the molecular hydrogen concentration used
during soaking experiment or during processing. For all of the
simulation results presented below, applied bias across the de-
vice was zero, and the constants used are described in Table I.
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Fig. 8. The simulation results show that the effect of hydrogen on bipolar de-
vice dose rate response can be explained by the model described in this study.
The results are obtained based on the theory that the �-� recombination coef-
ficient is a function of hydrogen defect density in the oxide. The values of hy-
drogen densities used in the simulation are:��� � ���� cm ,��� �

	 � �� cm , ��
 � � � �� cm , ��� � � � �� cm . The
values of recombination coefficients used here are: � � 
�	� �� for
DH4, 5��� for DH3, 2��� for DH2, and 2.5��� for DH1.

Fig. 9. These simulation results are obtained by changing the �-� recombi-
nation coefficient while keeping hydrogen defect densities the same as that of
Fig. 8. The values of hydrogen densities used in the simulation are:��� � ��

�� cm ,��� � 	��� cm ,��
 � ���� cm ,��� � ��

�� cm . The values of recombination coefficients used here are: � �

	��� for DH4, 1��� for DH3, 2��� for DH2, and 5��� for DH1.

The results in Fig. 8 were obtained by adjusting the terms
and accordingly, so that the increase of hydrogen de-
fects in the device oxide reduces the recombination
efficiency. These results correctly describe the two effects ob-
served in the data shown in Figs. 6 and 7, i.e., the increase in
the low dose rate limit and the rightward shift in transition dose
rate.

Using the effect of hydrogen, the model can produce different
variations of ELDRS observed in literature. By changing the hy-
drogen defect densities in the oxide, and/or adjusting its func-
tional relationship with the - recombination coefficient in
(10), different combinations of dose rate responses can be pro-
duced by the simulator.

In Fig. 9, the results are obtained by changing the recombi-
nation coefficients corresponding to each hydrogen defect con-
centration, while keeping the defect densities the same as the
previous simulation. The results in Fig. 9 show smaller shifts in

Fig. 10. These simulation results are obtained by changing both hydrogen de-
fect densities and corresponding recombination coefficients The values of hy-
drogen densities used in the simulation are:��� � 	����� cm ,��� �

	��� �� cm , ��
 � 	��� �� cm , ��� � 	� �� cm . The
values of recombination coefficients used here are: � � 	 � �� for
DH4, 1��� for DH3, 2��� for DH2, and 5��� for DH1.

transition dose rates as hydrogen concentrations are increased.
In Fig. 10, both hydrogen defect density and recombination co-
efficients are adjusted to reflect smaller shifts in both low dose
rate limit and transition dose rates. These results simply sug-
gest that the differences in hydrogen concentration as well as
the functional relationship between hydrogen concentration and
recombination coefficient can produce differences in dose rate
behaviors.

V. DISCUSSION

The simulation results in Figs. 8 and 10 are produced by
making small changes in hydrogen defect concentration and
large changes in recombination coefficient. In Fig. 10, a factor
of 2 difference in DH concentration (between DH1 and DH4)
requires two orders of magnitude drop in recombination coeffi-
cient to produce the shifts in transition dose rates and interface
trap densities similar to the data from the hydrogen soaking ex-
periments. This means that the sensitivity of dose rate response
to hydrogen defect concentration is very high, and it may not
make physical sense based on previous hydrogen soaking ex-
perimental results in which the dose rate response is much less
sensitive to ambient molecular hydrogen concentrations. How-
ever, one significant difference between the simulation and ex-
perimental data is the hydrogen species used. In soaking
experiments, the dose rate response is measured as a function
of ambient molecular hydrogen, but in model simulations, only
hydrogen defects formed in the oxide are considered. It’s pos-
sible that: 1) hydrogen defects formed during soaking experi-
ments are significantly lower than ambient concentration;
and 2) molecular hydrogen diffusion and reactions may also af-
fect dose rate response through another mechanism. Because
there is no conclusive physical evidence on how hydrogen af-
fects the recombination coefficient, it is difficult to quantita-
tively formulate the relationship between these two parameters.
The simulation results are produced by modifying these two pa-
rameters accordingly to best fit one set of experimental data.
Furthermore, the model presented does not take into account the
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effect of molecular hydrogen diffusion and reaction, which may
provide more complete explanation for such high variations in
dose rate response during soaking experiments.

Using the combined effect of electron/hole recombination
and hydrogen reactions, the model presented in this paper not
only explains the dependence of ELDRS on electric field, but
it also covers the effect of hydrogen on dose rate response.
Hydrogen effects have great implications for understanding
ELDRS in bipolar devices, particularly for explaining the
variations in ELDRS behaviors between many types of bipolar
devices and circuits, across different fabrication and packaging
technologies.

Hydrogen is the common ingredient used in many technolo-
gies. Devices fabricated in different technologies would most
likely encounter different concentrations of hydrogen at different
processing steps. Moreover, the differences in technology can
also result in parts with drastically different oxide quality. One
measure of the quality of the oxide is the density of oxygen
vacancies. Because oxygen vacancies can react with hydrogen
species [14], they can directly influence the amount of hydrogen
defects that can be generated in the device. Furthermore, vari-
ations in processing temperature across different technologies
can also influence the density of hydrogen species since oxygen
vacancy formation, hydrogen diffusion, and hydrogen defect
generation are all strong functions of temperature. The influence
of temperature may be directly related to the dose rate response
differences in devices with and without pre-irradiation thermal
stress during burn-in or packaging [5]. The effect of passivation
layers on dose rate response observed in [4] can also be attributed
to hydrogen, as different passivation layers not only contain dif-
ferent concentrations of hydrogen, but some also act as barriers
to hydrogen diffusion. A layer of silicon nitride, for example,
can prevent hydrogen from diffusing in and out of the device
oxide because molecular hydrogen diffusivity in this material is
extremely low. Different passivation layers may also require dif-
ferent temperatures for deposition, and this again may influence
the amount of hydrogen defects generated in the device oxide.

As stated earlier, most models presented in literature cannot
fully explain the many different factors influencing bipolar
device dose rate behavior. However, in their latest work,
Hjarmalson et al. [15] also presented dose rate calculations
using the effect of hydrogen. There are two major differences
between Hjarmalson’s and the calculations presented here.
First, the model presented here uses conventional two-stage
hydrogen transport model to calculate proton generation and
interface trap buildup [12]. In this model, protons responsible
for interface trap creation is generated by holes reacting with
hydrogen bonded defects in the oxide

(11)

In Hjalmarson’s calculations, protons are generated through two
intermediate reactions, hole trapping and molecular hydrogen
cracking, proposed by Mrstik and Rendell [22]

(12)

The other difference is in the core mechanisms responsible for
ELDRS and the effect of hydrogen. In Hjalmarson’s calcula-
tions, the dose rate and hydrogen effect are due to the competi-
tion between trapped hole-electron recombination and trapped
hole-molecular hydrogen reactions in (12). In the model pre-
sented here, they come from the competition between traveling
hole-electron recombination and hole-hydrogen defect reaction
in (11).

The results presented in this paper also have implications on
our understanding of dose rate effects in MOS devices and on
finding ways to mitigate dose rate effects in bipolar devices.
Even though most argue that ELDRS do not exist in MOS
devices because electric field in MOS gate oxides are high
enough to minimize any dose-rate-dependent effects, based
on this study, another factor could be the density of hydrogen
defects in the MOS oxides. The dose rate response associated
with high-quality, low-hydrogen defect density MOS devices
may exhibit no dose rate transition until very low dose rates are
reached since shifts in transition dose rates and low dose rate
enhancement factor can be changed by varying the hydrogen
concentration in the oxide. To minimize or eliminate ELDRS in
bipolar devices, we need to improve bipolar oxide quality and
reduce hydrogen defect concentrations by modifying device
processing steps and recipes.

It should be noted that the physical model developed for this
paper is only simulated with steady-state assumptions to reduce
complexity and simulation time. The steady-state assumption
is most accurate at low dose rates, but becomes less accurate
at high dose rates due to dramatic changes in concentrations
of species over time. Nonetheless, the simulation results are in
excellent qualitative agreement with experimental data, and the
physical model can be used to explain many different factors
influencing the bipolar device dose rate response observed in
literature.

VI. CONCLUSION

In this paper, a physical model based on four core mecha-
nisms describing the dose rate response and the effect of hy-
drogen in bipolar technologies is presented. These core mech-
anisms are: space charge effect, electron-hole recombination,
hole-hydrogen defect reaction in the oxide, and proton depas-
sivation of dangling bond at the Si-SiO interface. From this
physical model, ELDRS in bipolar devices is closely associated
with electron-hole pair recombination. Using COMSOL finite
element solver, the model is simulated in 2-D with steady-state
assumptions. The model simulations not only produced ELDRS
behavior in strong qualitative agreement with existing data, but
the results also showed the correct dose rate behavior when an
external field is applied.

Exhibited in results from further simulations, as well as in
data obtained from hydrogen soaking experiments, the change
in hydrogen concentration in the device oxide causes shifts in
low dose rate saturation limit as well as in transition dose rates.
These changes provide strong evidence that variations observed
in bipolar device dose rate behaviors across different technolo-
gies are due to the effects of hydrogen, the common ingredient
in many fabrication and packaging technologies.
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The results from this study strongly suggest that ELDRS in
bipolar devices is directly related to the amount of hydrogen de-
fects present in the device oxide. If hydrogen defect concentra-
tions can be controlled during fabrication, packaging, and even
during device operation, the effect of ELDRS can be controlled
accordingly.
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